Electroweak interactions in a relativistic Fermi gas 



O 
O 

(N 

< 



(N 
> 

in 
o 

<N 
O 

o 



o 

=5 



X 



K. VantournhoutQ N. Jachowicz, and J. Ryckebusch 
Department of Subatomic and Radiation Physics, Ghent University, 
Proeftuinstraat 86, 
B-9000 Gent, Belgium 
(Dated: February 9, 2008) 

We present a relativistic model for computing the neutrino mean free path in neutron matter. 
Thereby, neutron matter is described as a non-interacting Fermi gas in beta-equilibrium. We present 
results for the neutrino mean free path for temperatures from up to 50 MeV and a broad range of 
neutrino energies. We show that relativistic effects cause a considerable enhancement of neutrino- 
scattering cross-sections in neutron matter. The influence of the Q 2 -dependence in the electroweak 
form factors and the inclusion of a weak magnetic term in the hadron current is discussed. The 
weak-magnetic term in the hadron current is at the origin of some selective spin dependence for the 
nucleons which are subject to neutrino interactions. 

PACS numbers: 25.30.Pt, 13.15.+g,26.60.+c,26.50.+x 



I. INTRODUCTION 

Neutrino interactions play a leading role in a variety 
of astrophysical phenomena. For example, neutrinos wit- 
nessed nuclear processes during the Big Bang, they be- 
came famous as messengers from our sun, and are recog- 
nized as the representatives from distant stars. Reach- 
ing us from the center of an exploding star, neutrinos 
are the first heralds announcing the end of the life of 
a massive star Their impact on the dynamics of a 
type-II supernova is crucial for the fate of the event. In 
the gravitational collapse of a massive star at the end of 
its life, an enormous amount of neutrinos is produced. 
During the last stages of the infall, the neutrinos are 
trapped inside the star's core. When the shock wave 
passes, densities in the star's center fall and the neutri- 
nos become free to rush out, carrying away information 
about the structure of the proto neutron-star and about 
the supernova explosion mechanism p|. For this, the 
basic mechanisms were established by the neutrinos ob- 
served from supernova 1987A. Theoretical simulations of 
core-collapse events however, still face some major 
challenges. The shock wave tends to loose too much en- 
ergy when traversing the iron core and no successful ex- 
plosions can be reproduced. It has been suggested that 
the problems which the numerical simulations are fac- 
ing, can be attributed to an incomplete description of 
the weak interaction processes involved [lj . An excellent 
knowledge about the cross sections for neutrino interac- 
tions with nuclei and nuclear matter over a wide range of 
densities and temperatures is of the utmost importance, 
hence constituting one of the major motivations for this 
work. 

In recent years, the interactions of neutrinos with mat- 
ter at supra-nuclear densities attracted a lot of atten- 
tion. In most studies, approximations were made with 
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respect to the description of the hadron gas (degrees of 
degeneracy, relativity, correlations) and the weak inter- 
action (hadron current, relativistic effects). Tubbs and 
Schramm [2| pioneered calculations of the response of a 
hadron gas to electroweak fields. They investigated the 
extreme degenerate (or, quantummechanical) and com- 
pletely non-degenerate (or, classical) limits of these pro- 
cesses for a non-interacting Fermi gas. Schinder ,3] ex- 
tended this work to all temperature and density condi- 
tions, thereby adopting an analytical technique based 
on the use of Fermi integrals. Several attempts have 
been made to implement the effect of correlations in 
the description of the hadron gas. Burrows and Lat- 
timer 4] and Bruenn 5j included interactions in the 
Fermi gas using effective scaling factors. Ref. @ ex- 
tended these efforts to a microscopic description of in- 
teracting matter of arbitrary composition and degener- 
acy, in both non-relativistic and relativistic frameworks. 
Burrows and Sawyer used correlation functions and 
Horowitz and Wehrberger Q adopted a relativistic ran- 
dom phase approximation (RPA) approach. For all of 
the above-mentioned investigations, the weak interaction 
was modeled as a four-point Fermi-interaction with a 
four-momentum Q 2 independent hadron current thereby 
omitting weak magnetism. The weak magnetic contribu- 
tion was shown to be non- negligible in Ref. 0. Ref. 01 
included the weak magnetic contributions within a non- 
relativistic RPA approach. Currently, new numerical 
techniques to investigate dense neutron matter are ex- 
plored. Examples include studies based on molecular dy- 
namics techniques 0, 0] , describing the properties of 
the 'pasta' phases of nucleon matter and the correlated 
Tamm-Dancoff approximation (CDTA) 0] . 

In this paper we study lepton interactions with a non- 
interacting relativistic hadron gas, and pay special atten- 
tion to relativistic mechanisms. In our approach nucleon 
matter is described in terms of a relativistic Fermi gas 
(RFG). This approach allows us to investigate the effect 
of relativistic kinematics on the phase-space in the inter- 
actions, and its influence on the cross sections. In con- 
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trast to many previous studies, we retain the electroweak 
current in its full complexity and introduce Q 2 -dependcnt 
electroweak form factors. 

The outline of the paper is as follows. Section II 
sketches the RFG framework which we adopt. Section III 
presents the main ingredients of cross-section calculations 
for weak interactions between a neutrino and a nucleon 
gas. After testing the reliability of the relativistic for- 
malism and the adopted numerical techniques in sections 
II V Al and II V Bl relativistic cross-section results are pre- 
sented and discussed in sections TlV CI and IIV Dl 



momentum pf. In a relativistic description, energy and 
momentum conservation are imposed through the four- 
dimensional Dirac delta function 5 4 (p a +pb— J2f Pf)- The 
dynamics of the interaction is described by the transition 
matrix element M(a + b — ► {/}). The relative velocity 
v re i represents the flux of incident particles. The general 
Lorentz-covariant formulation of this quantity is given by 



Vrel 



ViPaPb) 2 - Vlvj 
P°aP° b 



(2) 



II. TWO-BODY SCATTERING IN A 
RELATIVISTIC FERMI GAS 

We consider processes in which a particle a is imping- 
ing on a particle 6, embedded in a gas. The differential 
cross section for the collision of the two particles resulting 
in the creation of N reaction products a + b 
is given by 



d 3N a = ^l[d 3 p f 6*(p a 



Vrel 



Pb 



f 



x|M(a + 6^{/})| 2 , (1) 



where p a and p b are the four-momenta of the collid- 
ing particles and the ./V outgoing particles / have four- 



For head-on collisions, Eq. @ reduces to the familiar 
expression 



Vrel 
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The gas of particles b on which the particles a are 
impinging is modeled in terms of the probability dis- 
tribution (r&,p&), describing the probability that a 
target particle b with quantum numbers ctb occupies a 
phase-space volume d 7%d Pb- For a homogeneous and 
non-interacting gas, the probability distributions are in- 
dependent of f%: F^ b {rb,pb) — F^ b (pb). For fermions, the 
cross section of Eq. can be cast in the form 



Af d? N d = I ^^^n^W^+W-E^I^ + ^W)!'' ( 4 ) 

ct a tOth) ** re ^ f f 

{«/} 



Here, d 3N a represents the differential cross section per 
particle b, F'J (pf) is the probability that the final state 
determined by (pf,af) is unoccupied 

F'*/(p f ) = l-F%(p f ). (5) 

Further, M is proportional to the number density of the 
gas 

^ = E/ Fb aM)d%, 



where X) Qb represents the sum over all relevant quantum 
numbers. For an interaction of the type a + b — > x + y, 
the differential cross section per target particle b can be 
cast in the form 



x S 4 (p a +p b -p x - Py ) \M(a + b^x + y)\ 2 F£ (p x )\p x \ 2 , (6) 
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where it was assumed that both x and y are embedded 
in a Fermi gas. 

For the reaction a + b — > x + y only a limited region 
in phase-space is accessible for the outgoing particles x 
and y. At the same time, an outgoing particle x with 
a four- momentum p x , can only be created from a well- 
defined part of the initial phase space. The kinematic re- 
strictions governing the interaction are dictated by four- 



momentum conservation. Defining the four-momentum 
difference w — p a — p x and W 2 = m 2 — m 2 — w 2 , it be- 
comes straightforward to simplify the integral in Eq. JJjJ • 
When the labels a and x are assigned to the incoming 
and outgoing lepton, the four-momentum difference w 
represents the four-momentum exchange q. For \w\ =/= 0, 
Eq. ijfJJl can be cast in the form 



d 3 <7 
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Pb 
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o n \> MIN 

x \ M (a + b^x + y)\ 2 F£(p x )\p x \ 2 , 
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in which the condition 

-W 2 + 2w°p° b _ -W 2 + 2w ^/m 2 + \p b | 2 

,(7) 

must be obeyed. The integration limits for the initial 



momentum \p b \ are the solutions of cos 9^p b = ±1 and 
arc listed in Table [Q 

For the peculiar situation that \w\ = 0, Eq. 10 be- 
comes 



do 



d\p x \d 2 fl x 



-W 2 
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E / / d 2 n b F b ab (p b )F^(p b )(w a +p° b )e(w +p° b - m y ) 



\M(a + b^x + y)\ 2 F£(p x )\p x \ 2 \p b \ 2 , 
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(8) 



with 



(9) 



Nucleon matter at supra-nuclear densities can be de- 
scribed as a partially degenerate Fermi gas. In the re- 
mainder of this paper, the probability distributions F % a . 
are replaced by Fermi distributions 



i 



exp 



Ej{p) - \X; 

kT 



(10) 



The introduction of this probability distribution violates 
the Lorentz invariance of Eq. © . 

We deal with a mixture of a proton, neutron, electron 
and neutrino gas. In an equilibrium situation, the second 
law of thermodynamics imposes relations between their 



respective chemical potentials. For reactions of the type 

v e + n <-> e~ +p 7 (11) 

the sum of the chemical potentials of the initial and final 
states should be equal. Considering that the total sys- 
tem is neutral and denoting the baryon density by tib, 
beta-equilibrium requires that the following conditions 
are obeyed : 



Tip — Ti e - , 

rip + n n = n B - 



(12a) 
(12b) 
(12c) 



A fourth condition is related to neutrino trapping. In the 
absence of trapping one has 



/V = 



(12d) 
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TABLE I: Overview of the integration limits for \pt\. 





MIN MAX 
Pb Pb 


w 2 < 

w 2 < 0, W 4 = Wm\ 

W 2 < 0, W 2 = 2lBo"li 


1 

2 

no 


T 1 + WO V r OO 

solution 

oo 


w 2 = 


W 2 4pJJ 1X1 


u> 2 > 0, W 4 > Wm\ 

w 2 > 0, W 4 < Aw 2 m 2 b 
w 2 > 0, W 4 = 4™ 2 m 2 . 


1 1 

2 | 

no 


w 2 h| i i / w 4 4m ? i |w/ 2 h| ,i 1 / w 4 4m i 
— 3— - — No v z 6 - ^ — r 1 + N 3^ 

solution 



When trapping occurs one defines 



Y,. 



n B 



(12e) 



Common values for are in the range between 0.3 and 
0.4 [l3T |. For fermions, the number density m is deter- 
mined from 



1 



-dp . (13) 
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ILL ELECTROWEAK INTERACTION MATRIX 
ELEMENTS 



as the four-product of a lepton j M and hadron current J„, 
a tensor representing the exchanged boson mediator, 
and a strength factor \- We define p (P) and k (K) as the 
four momentum of the initial (final) lepton and hadron, q 
as the four-momentum exchange, Q 2 equals —q^- The 
chiralities of the initial and final leptons are denoted by 
A and A. Further, s and S are the spins of the initial 
and final hadrons. The transition matrix element takes 
on the general form 



iM (pX + ks -> PA + K S) = X3^ v J v , 



(14) 



In first-order perturbation theory, electroweak interac- 
tions between leptons and hadronic matter are described 



and for neutral current (NC) reactions one has 



j^J u = ~i^M z (P; A\j» c \p; A) A £ 2 (K; S\J? c \k; s), (15) 



for charged current (CC) reactions 



3li B^J v = -i -j= ^ M w {P;k\ 3 ^\p;X) ^ 2 {K;S\J^\k;s) . (16) 



In the matrix element for charged-current interactions 
an extra factor cos^c appears. This is due to the fact 
that the weak left-handed <i-quark is an admixture of 
the strong left-handed d and s quarks. As a conse- 
quence, strangeness-conserving hadronic charged-current 
processes are weaker than their lepton counterparts. 



The lepton weak neutral current is generally written 

as 

(P; A\j^ c \p; A) = 4<P; A|^(/f - sin 2 9 w Q)^\p; A) , 

(17) 

where iY represents the weak isospin operator, Q the 
charge operator and "0 are the normalized Dirac field op- 
erators. 

For neutrinos the currents are given by 

(P;A\^ c \p;X) = (P;A|Vi(l- 7 5)7^b;A) ) 
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where the projection operator (1 — 75) takes into account 
that only left-handed neutrinos couple to the weak inter- 
action. The final lepton I is a massive lepton £~ in CC 
reactions and a neutrino vt for NC scattering processes. 
The weak nucleon current is given by [14j 

Ju = F^Q 2 )^ + -^F 2 (Q 2 )a v ^ 

+ G A {Q 2 ) lulb + -±-G P {Q 2 )q ul ^ (18) 



where second-class currents were not considered. Fi(Q 2 ) 
and F2(Q 2 ) are the Dirac form factors which are related 
to the well-known weak-electric and weak-magnetic form- 
factors through the relations Ge = F\ — tF 2 and Gm = 
Fx + F 2 where r = Q 2 /AM%. The Q 2 -dependence of the 
weak Sachs vector form factors Ge and Gm is given by 
the dipole parametrization: 



G(Q 2 ) = G(0) ^1 - , Ml = 710649 MeV 2 (19a) 

G°e(0) = Q - sin 2 9w) r 3 - sin 2 6 W , G|(0) = 1 (19b) 

g m(°) = Q ~ sin 2 6w\ (n P - n n )T 3 - sin 2 w (n P + /i„), G M (°) = (/•%> + M«) (19c) 

where sin 2 By/ = 0.2312, [i p and /i„ are the proton and neutron magnetic moments and T3 is the isospin operator. 
The axial form factor is given by 

^(Q 2 ) = -3a(i-|^) \ G^(g 2 ) = -f (i-^l) 2 (i9d) 



g a = 1.262, M 2 = 1065024 MeV 2 . (19e) 



The pseudoscalar form factor is related to the axial one 
through the Goldberger-Treiman relation 



G P (Q 2 ) 



AM 2 G A (Q 2 ) 



(20) 



As can be written in terms of the lepton masses, the 
pseudoscalar contribution vanishes for neutral-current 
processes. 



IV. RESULTS 

Before presenting the numerical results of the cross- 
section calculations for neutrino interactions with nu- 
cleon matter in sections llV CI and IIV Dl we establish the 
reliability of our formalism and the adopted numerical 
techniques. To this end, we study some well-defined lim- 
its for which our predictions can be compared with results 
from alternative approaches. 



A. Neutrino scattering on a single nucleon 

In former studies of the neutrino- nucleon and neutrino- 
nucleus response, a variety of expressions for the hadron 



currents has been used : 
tf- A = (1-75)7,, 

Jf ag = Fi(0) 7 , + ^-F 2 (0K^ 



(21) 
(22) 



+G^(0) 7 ,75 + ^ G H°)^75, (23) 
J? = Fl (Q 2 )^ + -^-F 2 (Q 2 )a^ 



-G A (Q 2 ) lvl5 



2M N 



G P {Q 2 )q vl l2A) 



The operator J^~ A of Eq. J2J assumes that hadrons 
are point-like particles, with the weak interaction occur- 
ring on the hadron instead of on the quark level. With 
this hadron current, an approximation for the neutrino- 
nucleon cross section was derived in Ref. Q : 

a T-Schr {e) = l JG 2 F m 2 e h 2 (±\\ (25) 



4 7TC 



in, 



This expression is valid when the incoming neutrino- 
energy is sufficiently small in comparison with the nu- 
cleon mass e <C M^. The validity of this approxima- 
tion can be appreciated from Fig. ^ when comparing the 
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FIG. 1: The neutrino-neutron cross sections as a function 
of the incoming neutrino energy e as obtained with different 
expressions for the nucleon current. The solid line refers to 
the analytical approximation of the cross section according 
to Eq. (1251 ; the dotted line to cross sections obtained us- 
ing the V-A current of Eq. 12111 ; the renormalization effects 
of Eq. 12211 are additionally taken into account in the dash- 
dotted curve. The long-dashed line corresponds to the cross 
sections for the current operator of Eq. 12311 where the weak- 
magnetic contribution was added. The Q 2 -dependence of the 
form factors shown in Eq. 1241 is taken into account in the 
short-dashed curve. 



solid line, representing the approximation i|25|) . and the 
dotted line representing the cross section calculated with 
the current (|21[l . From the top panel it emerges that the 
analytical expression of Eq. (|25[l is fine at low energies. 
From the results in the lower panel it is clearly seen that 
the approximation i|25|) is not valid any more at higher 
neutrino energies. The current operator J^ N of Eq. i|22|) 
introduces renormalization effects that can be attributed 
to the strong interaction and the quark structure of the 
hadron. In the expression J^ Iag , the weak magnetic 
and pseudo-scalar contributions are added. The pseudo- 
scalar term vanishes for neutral-current processes. Due 
to its dependence on the momentum transfer, the con- 
tribution of the magnetic term is small at low energies. 
The operator J® exhibits a Q 2 -dependence in the form 



factors and can be interpreted as the most accurate ex- 
pression for the hadronic weak current to date. 

For each of the above current operators we display 
the computed neutrino-neutron cross section in Fig. ^ 
Thereby, we discriminate between low neutrino energies 
(up to 50 MeV) and neutrino energies that go up to the 
nucleon mass. At small incoming neutrino energies, our 
numerical results are in good agreement with the ana- 
lytical expression of Eq. (|25|) . With increasing neutrino 
energies, the deviation between the expression Eq. I|25() 
and results obtained with more sophisticated current op- 
erators grows. The magnetic contribution in the cur- 
rent operator considerably enhances the cross sections at 
higher energies, while the introduction of Q 2 -dependent 
form factors reduces the cross section strongly at large 
incoming neutrino energies. 



B. Neutrino interactions with a neutron gas in the 
(T = K, it = M n MeV) limit 

When the value of the chemical potential li approaches 
the rest mass of a free nucleon, or jl = fi — M n ap- 
proaches zero and the temperature comes close to T = 
K, neutrino-scattering cross sections in the neutron gas 
are expected to approach those of neutrino interactions 
on a single neutron in its rest frame. Indeed, at T = 
K a decrease of the chemical potential implies a reduc- 
tion of the average kinetic energy. At ii = M n , the ki- 
netic energy vanishes. Hence, this limit of the Fermi- 
gas calculation provides a stringent test of the formalism 
and of the adopted numerical techniques. The results 
of this comparison between Fermi-gas and free-neutron 
cross sections, are presented in Fig. [21 When turning off 
the effect of the chemical potential (Jl — ► 0), the influence 
of the other particles on the struck nucleon diminishes, 
a process which results in growing cross sections. The 
figure demonstrates that in the limit of vanishing chem- 
ical potential the cross sections computed in the hadron 
gas coincide with those on a single nucleon. The right 
panel of Fig.|2]shows the temperature dependence of the 
RFG prediction at chemical potentials approaching the 
rest mass of the hadrons. The numerical calculations 
were performed for jl = 1 MeV. Again, the results con- 
verge to the single-nucleon cross-sections in the T = 0K 
limit. This observation provides convincing evidence for 
the reliability of the adopted theoretical framework. 



C. Relativistic effects in the phase-space factor 

First, we investigate the role of relativistic effects in 
the phase-space factor. To this end, it is illustrative to 
introduce 
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FIG. 2: Comparison between neutral-current cross sections on a single nucleon (solid line) and in a Fermi gas (markers ). 
The left panel displays results for different values of the chemical potential and T — K. In the right panel the temperature 
dependence is investigated for a chemical potential of jl — 1 MeV. The chemical potentials are corrected for the rest mass of 
the free neutron. 



d 3 $ 



d\p x \d 2 Q x 



< (Pb)d 3 p b J F'l (p y ) d 3 p y S\ Pa + Pb - Px - Vv )F'l (ft 



)\Vx 



(26) 



r 



This quantity is independent of the dynamics of the 
a+b — > x + y reaction. Even at low neutrino energies, siz- 
able differences between relativistic and non-relativistic 
expressions for the phase-space integral emerge. In or- 
der to quantify this, we compare the dynamic form fac- 
tor S(oj, \q\) of the non-relativistic calculation of Ref. Q 
with our relativistic one. Defining w = q = p a — p x and 
assuming that m y — mb, Eq. (|26l) can be cast in the 
following form 



d 3 $ 



d\p x \d 2 fl x 



(27) 



As shown in Ref. [6j, in the non-relativistic limit this 
equation has an analytical solution. For completeness 
we wish to mention that even in the relativistic situation 
a solution for S(u, \q\) in terms of poly logarithmic func- 
tions can be found in Ref. 0] . From Fig. it is clear- 
that above a certain momenta, the relativistic Fermi dis- 
tribution Fr is larger than its non-relativistic counter- 
part Fnr. In general, 



oo oo 

J F R {p)p 2 dp > J F NR (p)p 2 dp. 



(28) 



As can be appreciated from Fig. 0] this relation ensures 
that S(u>, \q\) is larger when computed in a relativistic 
approach. At moderate momentum transfers, the effect 
of relativity is limited to affecting the absolute magnitude 
of S(u>, | q\). At higher \q] -values, an additional effect in 
the u> dependence of S(u>, \q\) appears. The shift towards 
lower values of u> is related to the differences in the lower 
limit of the integration over \pb\ in S(u), \q\). For higher 
momentum exchange, the term F'^ (q + pb) in Eq. i|26|) 
approaches one. Hence the influence of the momentum 
distribution of the gas F^ b (pb) becomes prominent, caus- 
ing S(u>, \q\) to reach a maximum at p^ IIN = 0. Rel- 
ativistically, the corresponding value for the energy ex- 
change uj is given by q 2 / (m& + y 'm 2 + q 2 ), while in a non- 
relativistic calculation this quantity equals q 2 /(2rrib). 



The role of relativity in the dynamical form factor 
S(ui, \q\) can be easily estimated in the non-degenerate 
limit. Indeed, the classical limit will be reached when 
(/i,j — M)/kT <C 0. Under those conditions, one obtains 
the following closed relativistic form for S(oj, \q\) 



S(u, \q\) = ^kT [u(m b + kT + T_) + (m b + kT + T_) 2 + (kT) 2 ] exp J?' 



(29) 



r 



where the following quantities were introduced, 



E- = \Jpt HN2 + m 2 b , T_=E_- m b , 



(30) 



A non-relativistic approach leads to a closed expression 
with only one term [6J 



S(u, \q\) = ^jfcTm 2 exp ^ ' ^ 



(31) 
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FIG. 3: Comparison between a relativistic (Fr, solid line) 
and a non-relativistic Fermi distribution (Fnr, dashed line), 
for kT = 10 MeV and n = 0.16 fm~ 3 . The dash-dotted line 
represents the ratio Fnr/Fr. 



with, 



1 (u 
4 



- \q\ 2 /2m b )< 
\q\ 2 /2m b 



(32) 



The main difference between the relativistic and non- 
relativistic expressions for S(ui, |<f|) in the classical limit, 
is the dependence on kT and T_, and the presence of a 
term proportional to lu in the relativistic formulation. It 
can be shown that Eq. I|31[) is valid when |g| <C 2mt, and 
uj w 0. For \q\ -c 2m;, and finite values of uj, a correc- 
tion given by the (mj + kT + 7L) 2 is essential. When 
\q\ <C 2mb is not valid anymore, the second correction 
Lo(m,b + kT + XL) starts playing an important role. The 
term (kT) 2 only becomes important at higher tempera- 
tures. 



D. Cross sections 

The differences between relativistic and non- 
relativistic calculations of the dynamical form factor 
translate themselves in the corresponding cross sections. 
Therefore, we studied the influence of a relativistic 
treatment of the Fermi function on the cross sections 
and the neutrino mean free path A = — . Fig. [5] shows 
the difference in mean free path between our relativistic 
and the non-relativistic calculation of Ref. |(|, for 
neutral and charged-current processes. It is clear that 
relativistic calculations predict larger cross sections and 
a smaller mean free path for the neutrinos. 



Figs. and [7] illustrate another interesting feature of 
the neutrino- nucleon processes. The weak magnetic con- 
tribution in the current operator, which was earlier shown 
to play a substantial role, induces some asymmetry for 
the polarization of the final nucleon. Figures and [7| 
display the separated spin contributions to the cross sec- 
tions as a function of the incoming neutrino energy and 
energy exchange. Cross sections are shown for both po- 
larization directions of the final nucleon. Thereby, the 
spin quantization axis is along the direction of the im- 
pinging neutrino. The cross section for a final nucleon 
with S = — 2 is considerably larger than the one for 

S = + k 

Polarization effects were shown to be large in neutrino- 
induced nucleon knockout reactions from nuclei [TfiL UtI 
Hsj . Apparently, similar mechanisms govern the spin de- 
pendence of neutrino interactions in nuclear matter. The 
polarization effects might be of importance under circum- 
stances of strong magnetic fields. In Ref. [l^, a study of 
the neutrino-nucleon interactions in a strong magnetic 
field is presented. Thereby, the weak magnetic term re- 
sponsible for sizable spin-polarization asymmetries, has 
been neglected. 

The strong suppression of charged-current reactions at 
low incoming neutrino energies, is mainly due to the Pauli 
blocking of the outgoing electrons. This is seen in the top 
left panel of Fig. □ for kT = 5 MeV. The CC cross sec- 
tion is smaller by several orders of magnitude than the 
NC one. For a hadron gas at low temperatures in beta 
equilibrium, the chemical potential is about 60 MeV for 
a density of 0.16 fm~ 3 . As a consequence, low energetic 
neutrinos are not able to create an electron which is not 
blocked. Fig. [7| shows clearly that the charged-current 
channel is the most important one at higher energies. For 
a neutrino energy of 150 MeV, the chemical potential is 
114 MeV. Higher temperatures make the Fermi distribu- 
tion shift to higher energies, an effect further enhancing 
the charged-current cross sections. 

Summarizing, we studied neutrino interactions in a rel- 
ativistic Fermi gas. Our results for neutrino scattering 
on a single nucleon are in excellent agreement with pre- 
vious calculations. In the limit of low temperatures and 
vanishing nucleon chemical potential, our cross-section 
calculations coincide with those for scattering on a sin- 
gle nucleon. We find important differences in neutrino 
cross sections and the neutrino mean free path between 
relativistic and non-relativistic calculations. In a rela- 
tivistic treatment, neutrino cross sections are larger. We 
have shown that the weak magnetic contribution in the 
weak current is responsible for considerable asymmetries 
in the polarization of the scattered nucleons. In future 
work, the correlations will be implemented. 
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FIG. 5: Neutrino mean free path as a function of the tem- 
perature for a nucleon gas in beta equilibrium with fi u = 
and n — 0.16 fm -3 . All results are for an initial neutrino 
energy of 3kT. The open markers present results of our rel- 
ativistic calculation and are compared to the non-relativistic 
results of Ref. |6J (filled markers). The squares represent 
the mean free path for neutral-current scattering off protons 
[y + p — > v + p), circles for neutral-current interactions with 
neutrons (y + n — > v + n), and the triangles for the charged- 
current neutrino- interaction (y + n —* p + e~). 
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FIG. 6: Polarization of the outgoing nucleon for neutral- 
current scattering off a neutron. The spin-quantization axis is 
defined parallel with the direction of the incoming neutrino. 
The full (dashed) line represents the contribution for final 
nucleons with spin-up (spin-down) to the cross sections. 
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FIG. 7: Different polarization contributions to the differential cross section for neutrino scattering in neutron matter with a 
density ns = 0.16 fm~ 3 and temperatures kT = 5, 25, 50 MeV. The incoming neutrino energy is 3kT. The left panels present 
neutron cross sections: CC with final spin down (solid line) ; CC with final spin up (dotted) ; NC with final spin down (dashed) 
; NC with final spin up (dashed-dotted). The right panels are for neutrino- proton scattering : NC with final spin down (solid 
line) and NC with final spin up (dotted) . The quantization axis for the spin of the outgoing nucleon was chosen parallel to the 
incoming neutrino's momentum. 



